INTRODUCTION
T he question of whether utilities and policymakers should be concerned about the power factor (PF) of compact fluorescent lamps (CFLs) has been discussed ever since the lamps were first introduced to the market as replacement for incandescent lamps. 1 Thirty years later, the same questions remain. The basic argument has been whether or not the potential benefits to the electric grid of requiring high power factor (HPF) CFLs outweigh the potential costs and risks that such requirements would produce.
Ultimately, the choice to require HPF CFLs or LPF (low power factor, also known as normal power factor -NPF) is left to policymakers. However, the information currently available to policymakers regarding this issue tends to take the form of complex technical papers, and by their nature, these papers do not address all of the relevant policy considerations, leaving policymakers ill-equipped with a clear basis on which to make policy decisions. This can result in policy implementation that may be unnecessarily cautious, expensive, and may not maximize the potential benefits that may accrue from the expansion of CFL usage in Asia and elsewhere.
This report reviews and summarizes the current findings regarding the topic of CFL power factor; and explores and identifies related policy considerations, in order to allow policymakers to make well-informed decisions that address their specific policy goals. The report does not take sides, but rather explores the arguments above and to present science and economic-based recommendations based on the best currently available information.
METHODOLOGIES AND COVERAGE
In order to identify the relevant policy considerations, the ECO-Asia CDCP research team conducted a literature survey to identify and review papers, articles and other material regarding CFLs PF from both technical perspectives and economic perspectives. The team collected and reviewed policy positions, discussions of power factor impacts on transmission grid power quality and capacity, technical trade-off, assessment of local conditions, and programmatic as well as economic issues.
The literature review covered available documented research results from the last 15 years, from both laboratory research, experimentation, and simulation, as well as from actual field installation and measurements. In addition, the research team conducted interviews with researchers and policy experts.
2 Section 2 of this paper contains summaries of all these research results, while Section 3 reviews and analyzes the policy positions of stakeholders. For policymakers wishing to have a more in-depth understanding of power factor issues, a technical glossary is included, as well as a number of "frequently asked questions" and answers. Section 4 identifies and discusses policy considerations.
CONSIDERATIONS FOR POLICYMAKERS
The move to more efficient lighting technologies in general -and the move from incandescent lamps to CFLs in particular -remains one of the most impactful and costeffective energy savings and carbon mitigation strategies available. This move to more efficient technologies also carries the promise of reducing the strain on many overburdened grids by reducing peak-load demands.
The key barriers to CFLs achieving their savings potential are widely documented, and include higher initial purchase price (compared to incandescent lamps), fit (size), and reliability. The choice on whether or not to require HPF CFLs has the potential to affect all of these barriers.
The choice on CFL power factor should be an informed one, based on the specific policy goals, and a thorough understanding of all of the issues involved. In addition to potential impacts on the power quality of the electric grid, there are a number of other issues that policymakers may wish to take into account regarding power factor choice: the (beneficial) effect of CFLs on the grid capacity, the specific grid conditions where the CFLs will be introduced, the technical (and economic) trade-offs regarding CFL power factor correction, and the related economic considerations with regard to price elasticity of HPF CFLs. These are briefly summarized below:
• Grid Capacity: Increasing the market penetration of CFLs, regardless of power factor level, to replace incandescent lamps will result an increase in the available capacity of the utility (and of the transmission and distribution grid). In general, a CFL can reduce the current that the utility previously has to deliver to a socket to maintain the same light output by at least one half.
• Technical trade-offs: The addition of a powerconditioning circuit to bring the PF from 0.5 (normal PF) to 0.9 (high PF) for CFLs consumes a small amount of additional power and generates a small amount of heat. Both of these have the potential to adversely affect long-term CFL performance. Lamp reliability can also be affected as a new potential ballast failure point is introduced. 3 The addition of power conditioning circuitry can also lead to increases in lamp size from the added electronics, and typically adds an estimated 15-25% to the cost of the CFL. 4 • Suitability for local conditions: The dynamics and capacities of electrical grids vary greatly from region to region. Because of this, it is difficult to make sweeping statements about how LPF devices can be expected to affect electrical grids. 5 A technical review of the expected effect on the local grid should be considered before making decisions that relate to power factor requirements. This type of evaluation can help inform policymakers about expected risks and benefits of their policy decisions. This review is particularly important where the grid infrastructure is operating near or at capacity, and can be useful in determining if it would be more cost-effective to address the power quality issue at the source with HPF CFLs or on the distribution network with power conditioning equipment, which can address the issue of power quality of all devices.
• CFL price elasticity: Policymakers may want to consider how to address the expected additional cost for HPF CFLs. Studies have indicated that consumer demand for CFLs is very closely tied to initial cost and that this relationship is highly elastic. Identifying the incremental costs of high-PF CFLs can help to determine if additional funds are best spent on the HPF requirement, on power-conditioning equipment for the electrical network, or on moving forward with a larger number of less costly LPF CFLs. 3 A failure of the CFL's power conditioning circuit does not result in the CFL reverting to a LPF condition; rather, it leads to a complete lamp failure. 4 Note: 15-25% is the typical range that has been provided to ECO-Asia CDCP by industry experts.
SUMMARY AND RECOMMENDATIONS
With regard to impacts of LPF CFLs, the following points can be made based on the data that have been reviewed:
• Research results to date do not support the need for HPF CFLs: It can be concluded with relative certainty that the totality of the research to date, and especially field research, has not proved that HPF CFLs are needed or even beneficial.
• HPF CFL decision is not clear-cut: The decision whether or not to require HPF CFLs is much more nuanced. It should involve considerations of policy, technical, market and economic factors.
• A policy goal should be central to any power factor decisions: Of all of the policy considerations identified, the policy element should be central, since it is this element that defines what the program or nation is attempting to accomplish. With clear policy goals, the technical, market and economic analyses can help define the most appropriate policy and regulatory pathways for power factor correction.
In summary, current data indicate that a high power factor CFL does not deliver any additional value to either the grid-operator or the end-user under most conditions, other than in cases of isolated, micro, or mini grids with high peak lighting loads. Utility managers and regulators should not simply specify HPF CFLs under the assumption that HPF CFLs are "better" than LPF CFLs. There are trade-offs in choosing HPF or LPF, and these should be made based on a realistic evaluation.
Therefore, when making regulatory or procurement decisions relating to CFL power factor, it is necessary to clarify and prioritize policy goals, evaluate local electrical infrastructure conditions, and local market conditions. By following these recommended steps, the positive and negative impacts of the policy or program impacts can be fully evaluated and used to maximize policy or program benefits while minimizing program drawbacks both on the grid and in the market.
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SECTION 1
6 CFLs require electronic circuits, or "ballasts, " to operate. The electronics in a CFL's ballast interact with the grid differently than an incandescent lamp, which does not require any additional circuitry and exhibits different electrical characteristics to the grid. How each electrical and/or electronic device interacts with the grid is an interplay of their electrical characteristics and power consumption. 7 Please refer to the report glossary and FAQ sections for additional discussions on power factor. 9 This discussion is limited to applications of CFLs, however, the arguments can also be extended to the use of low-power (<25W) LED-based lighting devices.
T he question of whether utilities and policymakers should be concerned about the power factor of compact fluorescent lamps (CFLs) has been discussed ever since the lamps were first introduced to the market as replacement for incandescent lamps. 6 Thirty years later, the same questions remain. The basic argument has been whether or not the potential benefits to the electrical grid of requiring high power factor CFLs outweigh the potential costs and risks that such requirements would produce. 7 These questions are now more timely than ever, as some of the concerns that have been voiced are no longer confined to the impact of a few hundred CFLs, but rather to large-scale procurement and deployment in the scale of millions -the types of bulk procurement programs are currently being carried out in many parts of the world. 8 CFLs have only recently reached the sharp upward slope of their market growth curve, and this growth is likely to continue as numerous programs to phase out incandescent lamps are implemented world-wide. 9 This report explores both the scientific and economic issues relating to the power factor of CFLs, and utilizes currently available information to help inform decisionmaking related to large-scale deployments of CFLs. The ECO-Asia CDCP team examined documented results from both laboratory and "real-life" or field installation of CFLs to assess the potential impacts of substituting CFLs for incandescent lamps.
Generally speaking, the electric grid operates most efficiently when the collective load -that is, all of the connected and operating devices such as lamps, appliances, motors, etc. -on the grid has a power factor of 1.0 and does not vary with time. When the PF of the grid is lowered, utilities must add equipment to the grid (in the form of additional generating capacity or compensating devices) to compensate for the lower PF of the connected load, thus raising the grid's overall PF and/or allowing the grid to operate at less than unity levels. The argument for high PF (HPF) CFLs from this perspective is that they would alleviate the costs incurred by additional gridconnected PF compensation equipment and/or lowered grid efficiencies.
The counter-argument to HPF CFLs is that operationally there is a much more complex set of interactions of various connected loads on the system grid, and low power factor (LPF) CFLs, which are also sometimes referred to as "normal power factor" (NPF) CFLs, do not have a noticeable negative effect on the grid. While it is technically possible to raise the PF of CFLs from approximately 0.5-0.6 (the current level of most CFLs) to 0.9 or above (considered "high") with the addition of power conditioning components, lighting manufacturers estimate that these 10 It is assumed that this is at retail. 15-25% is the typical range that has been provided to ECO-Asia CDCP by industry experts. 11 It should be noted that high cost, low reliability, and larger-than-incandescent sizing have all been identified in many markets as significant market barriers to the widespread adoption of CFLs.
changes add 15-25% to the cost of the CFL. 10 In addition to the higher costs associated with HPF CFLs, there can be other negative consequences. Adding components to CFL ballasts to improve PF have the following potential drawbacks:
• Shortened lamp life due to potential failures of the added components
• Failures of other lamp components due in part to heat generated by the added power conditioning components
• Increased ballast size to accommodate additional components
Higher costs, decreased reliability, and increased lamp size are all factors that can contribute to slower consumer adoption of CFLs as incandescent replacements.
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Proponents of LPF CFLs have argued that requirements for HPF CFLs can slow growth in CFL markets, and may not only lead to missed opportunities for energy and carbon savings, but could ultimately be detrimental to electric grids that are short on capacity because of the increased presence and power demands from power-hungry incandescent lamps (which have a PF of 1).
Thus, one of the reasons that the power factor of CFLs remains a contentious issue is that it is neither purely a technical question nor a policy question -rather, it is a policy question that requires a strong understanding of technical issues. For example, the appropriate action on if and how to regulate CFL PF may be quite different depending on how the policymakers prioritize such policy goals as:
• Reducing greenhouse gas (GHG) emissions
• Increasing energy savings/adoption of energy efficient lamps
• Building a market for CFLs and other energy efficient products
• Increasing the capacity and/or efficiency of the electric grid
• Increasing the reliability of the electric grid.
Ultimately, the choice to require HPF CFLs is left to policymakers, as the appropriate actions that should be taken are dependent on the specific policy goals rather than simply universally valid engineering, economic, or scientific facts. However, the information currently available to policymakers regarding this issue tends to take the form of complex technical papers, leaving them ill-equipped with clear basis on which to make policy decisions. This can result in policy implementation that may be unnecessarily cautious, expensive, and may not maximize the potential benefits that may accrue from the expansion of CFL usage in Asia and elsewhere.
This paper aims to review and summarize the current findings regarding the topic of CFL power factor, explore and identify the related policy considerations, in order to allow policymakers to make the most informed decisions that address their specific policy goals. The objective of this paper is not to take sides, but to explore the arguments above and to present science and economic-based recommendations based on the best currently available information.
The literature review covered available documented research results from the last 15 years, from both laboratory research, experimentation, and simulation, to actual field installation and measurements. In addition, the policy positions/opinions of various stakeholders were also reviewed, as well as interviews conducted with researchers and policy experts. Section 2 of this paper contains summaries of all these research results, while Section 3 contains the policy positions of stakeholders. For policymakers wishing to have a more in-depth understanding of power factor issues, a technical glossary is included, as well as a number of "frequently asked questions" and answers. A discussion of the identified policy considerations is included in Section 4.
Box 1. Background on Power Factor
Note: This section is offered for policymakers who wish to have more nuanced understanding of the technical issues involved. It is intended to provide a fundamental technical background on power factor and informs policymakers on the issues related to the LPF vs. HPF debate. The policy decisions are discussed in section 5 of this paper, and can be reviewed without delving deeply into the technical issues covered herein.
• Power Factor (pf) -the ratio of the real power of a load to the apparent power; a measure of the degree to which the voltage waveform and the current waveform are in phase with one another in an electrical circuit. The true power factor (pf true ) can also be expressed as: 
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• Leading Power Factor -A circuit in which the current waveform precedes ("leads") the voltage waveform.
CFLs can produce circuits with leading power factors.
• Lagging Power Factor -A circuit in which the current waveform follows ("lags") the voltage waveform. Motors or transformers can produce circuits with lagging power factors.
• Harmonics -electric voltages or currents that appear on the electric grid as a result of circuit loads. These voltages and currents are generally considered undesirable because they alter (or "distort") the current and/or voltage waveforms that are provided by the electric utility.
• Total Harmonic Distortion (THD) -the ratio of the sum of all the harmonics of a system to that of the fundamental frequency (a sine wave on standard AC electrical grid). The relationship between current THD and Power Factor (pf true ) is given by the following equation:
This means that if a CFL has a THD below 35%, it's true power fact cannot be lower than 0.95.
• Power Quality -a term used to describe both the reliability of the electrical system (number and duration of outages) and the quality of the voltage supply (voltage fluctuations, harmonics, etc).
• Load -a device that is connected to the output of an electrical circuit.
• Linear Loads -loads that do not change the shape of the current waveform from its original sine wave shape. 7 The current waveform can be shifted to lead (i.e. magnetic fluorescent ballasts) or lag (i.e. motors) the voltage waveform, but the sine wave shape is maintained.
• Non-Linear Loads -loads that change the shape of the current waveform from its original sine wave shape. This typically occurs because the load utilizes a switching action during its normal operation. Electric ballast and switch-mode power supplies (efficient power supplies used to power most modern electronic equipment) are non-linear loads.
• Real (or Active) Power -the energy that is transmitted to a load to do work, expressed in Watts.
• Reactive (or Non-Active) Power -the energy that is transmitted to a load but rather than doing work, it is stored in the load in an electrical or magnetic field. Reactive power is expressed in Vars.
• Apparent Power -the vector sum of real and reactive power. Apparent power is expressed in VA and is relevant to utilities because they must deliver both real and reactive power (i.e. apparent power) to the loads that are on the distribution network.
• Mixed Loads -An electrical circuit that has loads with a variety of load shapes (i.e. a "mix" of linear and/or non-linear loads of a variety of shapes). Most real-world electrical distribution systems consist of mixed load applications. Mixed loads tend to counteract some of the harmonics that would otherwise be present if the loads on the circuit were all of one type of load shape.
Box 2. FAQs regarding PF
Does low power factor mean higher energy usage?
One common misunderstanding that clouds the power factor debate involves the relationship between power factor and energy use. Some erroneously believe that a drop in PF leads to a proportional increase in energy use. For example, the assumption that a 25W CFL with a PF = 0.5 really uses twice as much power to operate as a 25W CFL with a PF = 1.0. This is not true: both CFLs use the same amount of power at the device, namely 25W.
This misunderstanding is likely based on the fact that current does increase proportionally with drops in PF. This does have real impacts on a utility's capacity, though, as they must meet the current demands of the grid's connected load. And the PF 0.5 CFL in our example will require twice the current delivered as the PF 1.0 CFL. But this additional current is not used in the device -it is stored in the device as an electric or magnetic field and then returned to the grid for use by other loads. Thus, for any given wattage, the HPF and LPF devices should theoretically use the same amount of energy and have the same greenhouse gas impacts.
What is the relationship between the power factor of a device and the power factor of the grid?
Ultimately, it is the power factor of the grid and its branch circuits, not those of the individual devices connected to the grid, which are of concern to the utilities. Utilities can increase the power factor of the grid by either installing power factor correction devices (at grid substations or at user sites) or by limiting the connected load of low power factor devices (i.e., HPF requirements for CFLs). It should be noted, though, that because of phase angle differences in the loads on the grid, and the issues of cancellation of leading PF and lagging PF previously discussed, grid or circuit power factor cannot be easily estimated by "adding up" the PF from the devices connected to the grid. This difficulty in knowing which loads will be used together and how these mixed loads will add up is a key element underlying the LPF vs. HPF debate. There are an infinite number of possible mixed load combinations, making it difficult to model the "true" effect of LPF CFLs on the grid.
How do CFL power factor regulations vary worldwide?
Currently, India is the only country that requires HPF for CFLs. 12 The world's largest CFL markets (including North America, Europe and China) not only allow LPF in their mandatory (i.e., minimum qualification) standards, but also LPF CFL in their CFL subsidy programs. Australia and China both had required HPF but ultimately eliminated these requirements, based on the international experience. More recently, several countries that have conducted CFL programs with the support of the World Bank and/or the Asian Development Bank have required HPF in their CFL specifications for these tenders.
Is there a correlation between HPF CFLs and product quality?
The presence or absence of power factor correction circuitry itself is not a good indicator of overall CFL quality. Because HPF CFLs can be better for "power quality" than LPF CFLs, some may take this to mean they are inherently a higher quality product and thus will have longer lives and/or better lighting service. This is not necessarily true. In fact, the presence of the power conditioning circuit introduces additional circuitry to the CFL ballast, which could either become a failure point itself or speed the failure of other components in the ballast by introducing additional heat into the ballast compartment. But ultimately, the power quality of a CFL is a poor proxy for the product quality of the CFL. CFL product quality is best assessed by reviewing established testing and verification mechanisms, such as those established by the Asia Lighting Compact (ALC). 12 A formal policy paper regarding India's position on PF is not available.
WORLD-WIDE RESEARCH ON CFL POWER FACTOR EFFECTS TO DATE
T he issue of power factor impacts on the electrical grid has been studied by many parties in the past, and have been used to inform the discussions of whether there are benefits to justify the added costs associated with adding power factor correction circuitry to CFLs. This section summarizes results from available laboratory research on CFL power factor, as well as field studies the effect of LPF CFLs on the grid.
RESULTS FROM LABORATORY RESEARCH
A number of studies have investigated the effect that LPF CFLs have on the supply power in controlled laboratory settings and/or through computer simulations. Generally speaking, these studies have looked in detail at the waveform and harmonic characteristics of LPF CFLs in order to project how these devices might affect the grid if they were to be distributed in large quantities. The following are summaries of several of these studies.
• Egypt, 2004 [1] . In 2004, the Institute of Electrical and Electronics Engineers (IEEE) published a simulation study comparing incandescent to CFL loads. This study did not consider potential mixed load cancellation effects but simply looked at the combined effect of incandescent loads compared to those of CFL loads on the utility infrastructure. This study estimated that system losses are increased by 29% by the use of CFLs due to the increase in system harmonics, which counteracts some of the savings that the CFLs offer.
The authors suggest that in order to limit harmonics from CFLs, the power of CFLs on the grid should be limited to that of the incandescent loads which they are replacing -which should not present a major practical issue given that CFLs are generally ¼ the power of their incandescent equivalent.
• While the models showed that the mixed load condition in which the CFLs operated acted to mitigate the harmonics from the CFLs, harmonics were still present at levels that would require active compensation.
• Switzerland, 2009 [4] . A 2009 study was commissioned by the Swiss government to investigate whether "widespread replacement of incandescent lamps by [CFLs] can reduce the voltage quality of the mains supply and lead to an increased load on the lines. " The study's main findings were that risks to the Swiss electrical system were minimal and the authors recommended against imposing any new regulations on CFLs -including specifically recommending against power factor correction. The authors also noted that the "lower energy requirements [CFLs] create lower supply losses than comparable incandescent lamps. "
• Australia, 2010 [5] . Another laboratory study looking the harmonic characteristics of a cross-section of modern CFLs was conducted in 2010 by research from the University of Wollongong in Australia. Like many previous studies, this study pointed out that the electric utility can expect to see capacity demand reductions from the replacement of incandescent lamps with CFLs, but demand reductions will be less than the 75% savings on active power the CFL offers because of the CFLs' lower power factor. The study also noted that the proportion of residential harmonic load attributable to CFLs was significant given the combining factors of increased CFL penetration and improving harmonic characteristics of other residential devices. The study authors concluded the following: • Sweden, 2010 [6] . This paper presents an investigation of the impact on a number of powerquality parameters due to the change from incandescent lamps to energy saving lamps like CFL and LED. The measurements were conducted in a full-scale laboratory model with ordinary household equipment connected, thus simulating an ordinary domestic customer. Measurements by the researchers showed that the replacement of incandescent lamps by LED and CFL resulted in a reduction in active power consumption, a reduction in peak current, and a reduction in distribution-system losses -all positive impacts on energy consumption and on the powersystem. The measurements also showed that the replacements by CFLs and LEDs resulted in an increase of the amount of reactive power produced by the load. This increase has an overall impact on the grid, but this impact is too small for it to be any real value.
• Sweden, 2010 [7] . This paper presented measurements performed in the laboratories with an experimental setup of 48 fluorescent lamps powered by high-frequency ballasts. In this research, the authors investigated the impact of distortion in the frequency range between 2 and 150 kHz is on end-user equipment and on equipment in the grid. This research was initiated in response to indications of rising disturbance levels and anecdotal but consistent information on equipment damage. The authors found that there are two identified types of signals generated by this type of lighting loads: recurrent oscillations and high frequency components. It concluded that the high frequency components do not seem to add in the same way as the recurrent oscillation, indicating that this part of the disturbance to the grid is going between the lamps rather than upstream as in the case with the recurrent oscillation.
• According to the simulations, in a balance distribution circuit the substitution will not cause serious changes in voltage signals. Since most of the real distribution networks are balanced, it is expected that the mass replacement from incandescent bulbs to LEDs and CFLs will not affect seriously the voltage distortion indices.
• Iran, 2010 [9] . This paper, presented at the same conference in 2010, studied the effects of using CFLs on the power distribution system elements on both the generation and the consumption sides. It studied the technical and practical issues of mass utilization of CFLs in power systems, with a focus on different devices that are installed, and how the CFL harmonics affect the equipment on both feeding and consuming sides. Although there are some research works that study this effect on individual system elements, such studies have not integrated the analysis of different devices. Different classes of equipments are introduced and analyzed using their mathematical model in this research.
The authors concluded that mass usage of CFLs in different power systems must be planned carefully in order to avoid any unexpected negative effects on the other equipments in the system. The paper identified the most vulnerable equipments of the power system to overall system fluctuations are the ones which contain solenoids, such as transformers and measurement equipments, especially on the feeding side. It recommended that extra care and calculations are required in different power systems for a safe use of CFLs. It noted that some electronic devices can be more affected by harmonic distortion in general, and may need to be either equipped with protective filters or be replaced by more advanced ones.
RESULTS FROM FIELD STUDIES
In addition to the laboratory and simulation studies discussed above, a number of field studies of LPF CFLs have also been conducted. These field studies provide added insights into the issue by observing how the grid actually is affected by the addition of LPF CFLs, rather than projecting how the grid might be affected, as the laboratory studies and simulations do.
It is important to note that the field studies do have certain limitations -chief among them being that they only show how the specific electrical system monitored reacted to the presence of the LPF CFLs during the period of testing. Thus there are limitations in using results from a field test in one location to speculate about system performance in locations with very different electrical conditions. But, by looking at various field studies at a variety of field locations, as well as the results from laboratory studies, overall conclusions can be made. Interestingly, the field tests that have been conducted and reported on by and large have failed to find evidence of the types of harmonic issues that many of the simulation studies above had predicted. The following are summaries of several relevant field studies with references to the complete studies.
• Sweden, 1997 [10] . In the late 1990s NUTEK conducted a field study looking for signs of power quality effects from CFLs in residential applications in Sweden. Metering equipment was installed at a residential service feed for one residence as well as a residential substation that serviced 17 homes. Power conditions were then monitored before and after six LPF CFLs were installed in each home. The study found that the effects from the installed CFLs were minimal. In their conclusions the study authors noted the following: • Poland, 1997 [11] . A similar but much larger field study was conducted in Poland around the same period through the Poland Efficient Lighting Project (PELP). In this study 33,000 CFLs were installed in three targeted municipalities with the intent of identifying any measureable power quality effects through substation metering. CFL density was estimated to increase by up to 10 CFLs per household in some of the municipalities, but the evidence of power quality issues was again found to be minimal. • Worldwide, 2010. The de-facto experiment described above for California has also occurred in many countries around the globe. Very large installations of LPF CFLs have been carried out in both developed and developing regions of the world without any of the problems predicted by some simulation studies being documented. This does not necessary mean that none of the problems predicted by the simulation studies have occurred or could occur. But, again, it is worth highlighting that the overall worldwide trend continues to be an aggressive push towards replacing incandescent sources with LPF CFLs. This is true in developing countries such as China, which has recently installed nearly 200 million CFLs in the last two years with plans to install another 150 million over the next year, as well as places which have already effectively "banned" the incandescent lamp, such as Cuba. This is also true for many developed countries (Australia, EU, USA) that are phasing in "bans" but do not have any planned HPF requirements in place as part of this conversion. All of these countries have had growing penetrations of LPF CFLs in the years leading up to the establishment of these incandescent phase-out programs. One might infer that had utility sector grid operators and regulators in any of these countries seen evidence that LPF CFLs presented significant costs or risks to their grid infrastructures, they would not have allowed these regulations to move forward.
POLICY POSITIONS ON CFL POWER FACTOR
A number of important stakeholders involved in this issue have published policy papers describing their positions regarding power factor. These have included lamp manufacturers, utility organizations, and environmental groups. Several of the key policy positions of these groups are described below.
• US National Electrical Manufacturers Association (NEMA) [15] . NEMA's Lamp Section published a position paper (LSD 8-1999) entitled "Power Quality Implications of Compact Fluorescent Lamps in Residences. " NEMA discusses the power factor and harmonic current considerations of a broad distribution of LPF CFLs and argues that the risks are minimal. NEMA bases this conclusion on a number of factors including the relatively small load of the CFLs (even when aggregated), the fact that current is actually cut in half when a LPF CFL replaces an incandescent of equivalent light output, and the fact that no field studies have ever documented any actual real-world problems. 
CONSIDERATIONS FOR POLICY MAKERS
T he move to more efficient lighting technologies in general -and the move from incandescent lamps to CFLs in particular -remains one of the most impactful and cost-effective energy savings and carbon mitigation strategies available. This move to more efficient technologies also carries the promise of reducing the strain on many over-burdened grids by reducing peak-load demands. The key barriers to CFLs achieving their savings potential are widely documented, and include higher initial purchase price (compared to incandescent lamps), fit (size), and the prevalence of lower quality CFLs on the market. 13 As stated earlier, the choice to require HPF CFLs is ultimately left to policymakers. However, the appropriate action should be an informed choice, based on the specific policy goals, and a thorough understanding of all of the issues involved. In addition to the issue of impacts on the power quality of the electric grid, which was covered by the studies reviewed in the preceding section, there are a number of other issues that policymakers may wish to take into account: the (beneficial) effect of CFLs on the grid capacity, the specific grid conditions where the CFLs will be introduced, technical trade-offs of power factor correction, and the related economic considerations with regard to price elasticity of HPF CFLs. These are covered below.
NET CAPACITY EFFECT
In discussing this often technical and complex topic of power factor, one basic point should not be neglected: when an LPF CFL replaces an incandescent lamp of equivalent light output, it results in a drop of the current drawn by approximately 50%. To put it another way, a CFL can reduce the current that the grid previously has to deliver to a socket to maintain the same light output by at least one half (see example in Table 4 -1 below). 14 Note: even when an LPF CFL replaces another CFL, the current draw should be expected to stay roughly the same since nearly 100% of the CFLs in place are LPF. As such, increasing the penetration of LPF CFLs on a grid to replace incandescent lamps will result in an increase, not a decrease, of the available capacity of the utility. It just will not increase it as dramatically as a HPF CFL would. Figure  4 -1 illustrates that CFL power factor would need to drop below 0.3 before the current draw of an equivalent incandescent is approached.
Incandescent
TECHNICAL TRADE-OFFS
According to experts, high power factors in CFLs are achieved by adding additional power conditioning circuitry to the standard CFL electronic ballast. The addition of a power conditioning circuit adds an estimated 15-25% to the cost of the CFL, according to lamp manufacturers. While these additional circuits can be designed to very efficiently rectify the distortion waveform, this process is not 100% efficient -thus these circuits consume a small amount of power and generate a small amount of heat. Both of these effects can adversely affect long-term CFL performance.
The power used by the power conditioning circuit increases the total power draw of the CFL, leading to a small drop in overall lamp efficacy (generally by less than 3%). Lamp life can also be affected as a new potential ballast failure point introduced. A failure of the CFL's power conditioning circuit does not result in the CFL reverting to a LPF condition; rather, it leads to a complete lamp failure.
The extra heat generated by the circuit can shorten the operating lives of other ballast components -the degrees of impacts depend on the designs and components of the HPF circuits that are added and the size of the ballast housing. Heat, or more accurately, lamp ballast operating temperature, has an inverse relationship to ballast longevity -as can be illustrated by the industry "rule of thumb" that electronic ballast life can be assumed to double for every 10° C drop in ballast temperature. Lastly, the addition of power conditioning circuitry can lead to increases in lamp size -particularly the less expensive methods which utilized traditional electrical components such as coil transformers rather than integrated electronic circuits.
For these reasons, HPF CFLs remain a very small fraction of the overall market -typically only deployed where specifically mandated by local regulations or bulk procurement requirements. Of the approximately 4 to 5 billion CFLs that are currently produced world-wide annually, less than 1% is thought to be HPF. 15 
ASSESSING LOCAL CONDITIONS
The dynamics and capacities of electrical grids vary greatly from region to region. This includes both the dynamics of the types of loads that are found on the electrical grid as well as the grid infrastructure itself. Many electrical networks in developed countries have evolved over many decades to appropriately manage both the capacity and the harmonic currents of the loads that can be expected on these networks. Active power factor compensation equipment is often intrinsically included in these grids. Conversely, many power systems in developing regions are operating closer to their capacity limits and lack the type of active power factor compensation that is typical in developed regions.
Because of these and other differences, it is difficult to make sweeping statements about how LPF devices can be expected to affect electrical grids. The effects of LPF devices are likely to vary depending on the dynamics of the local electrical grid. A technical review of the expected effect on the local grid should be conducted before making decisions that relate to power factor requirements. This type of evaluation can help inform policymakers about expected risks and rewards of their policy decisions. This review is particularly important in developing regions where the grid infrastructure is operating near or at capacity.
Simply assuming that in such a situation LPF devices should be avoided because they draw more current than a similar HPF device is not an appropriate technical review of local conditions. This simplistic approach can ignore significant unintended consequences of LPF requirements. A much more nuanced and inclusive approach is recommended.
This approach should truly look at the benefits and risks of allowing LPF devices, one based on the local electrical infrastructure, its planned development, and local economic factors (such as the availability of HPF devices, including CFLs).
This assessment should also include a determination of the specific power quality issues faced by the distribution system, the existing (and planned) power factor correction equipment on the network, as well as estimates (if available) of the main load on the network that contribute to power quality issues. This information can all be useful in determining if the CFLs planned to be distributed through the program might be expected to cause power quality concerns for the network -and if they do, if it would be more cost-effective to address the issue at the source with HPF CFLs or on the network with additional power conditioning equipment. 16 Only after clearly identifying these risks and benefits that exist locally can grid operators, regulators and policymakers make informed decisions about the most appropriate actions with respect to grid impacts.
PRICE ELASTICITY CONSIDERATIONS
If policymakers are convinced that HPF requirements are necessary for their grid, careful consideration should be made of how the expected added cost for these CFLs should be covered. Studies have indicated that consumer demand for CFLs is very closely tied to initial cost and that this relationship is highly elastic. That is, relatively modest increases in CFL cost can lead to relatively major drops in product sales. For example, a 2001 study of the Indian CFL market found that even a 10% increase in CFL price was likely to result in a 20% decrease in product sales. So, without proper planning, it is possible that a utility program that promotes HPF CFLs as part of a program to maximize reductions in loads on the grid could actually have the 15 Testing for Quality: Benchmarking Energy-Saving Lamps in Asia. USAID, Regional Development Mission, Bangkok, Thailand. April 2010. 16 Because this is a very technical topic, it may be appropriate to involve experts from the utility sector that have the most complete understanding of the grid infrastructure. But care should be taken to clearly define the role that the utility sector experts are playing in any such exercise since the utility sector may have different policy priorities (such as grid infrastructure) than those identified by programs or nations policy goals (such as GHG mitigation and maximum carbon savings).
SUMMARY AND RECOMMENDATIONS
P rior studies on the effect of LPF CFLs on the power grid's power factor and harmonics have had mixed results. Some laboratory studies and computer simulations have suggested that harmonic disturbances from CFLs are likely at higher CFL penetration rates. Other laboratory studies and simulations have downplayed these risks. The differences in conclusions offered in some of these studies can perhaps be traced to either differences in assumptions for the models and/or differences in local grid conditions from the field studies, further discussed below.
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The great bulk of field data, including studies specially designed to document grid impacts from LPF CFLs as well as more general observations of large CFL distributions, have failed to find any significant detrimental effects from LPF CFLs. 19 The particular electrical conditions that exist on the grid being evaluated (such as the type and quantity of power condition equipment present and the other loads on the grid) play a key role in determining the net effect of LPF CFLs on the grid. Furthermore, the interactions between power system equipment and loads can be quite complicated and difficult to model or evaluate -especially in real-world scenarios where mixed loads are almost always present. For these reasons it is difficult for studies to accurately generalize about the effect CFLs will have on the grid when local conditions may vary so greatly.
Prior research has not proved that HPF CFLs are needed or even beneficial: One thing that can be concluded with relative certainty is that the totality of the research to date, and especially field research, has not proved that HPF CFLs are needed or even beneficial.
Use of HPF CFLs requires policy, technical, and market considerations: Ultimately, the decision whether or not to require HPF CFLs is much more nuanced that one might first expect. It involves policy, technical, market and economic factors. These may include:
• Policy: the program or national priorities for GHG reductions, energy savings and electric grid reliability.
• Technical: the load and harmonic characteristics of the electric grid as well as a future forecast of grid capacity; analysis of how a large displacement of incandescent lamps with LPF CFLs would likely impact the grid.
• Market: the maturity and structure of the CFL market and the expected impact on CFL sales costs if HPF CFLs are passed on directly to consumers.
• Economic: the cost-benefit of analysis to the electric utility and the society as a whole from addressing HPF upstream (grid infrastructure) vs. downstream (HPF CFLs) 18 Some reviewers have suggested that some harmonic models seem to have not provided an accurate prediction of the resulting harmonic distortion. 19 For example, in the case of "mini" or "micro grids" -an electric distribution network set up to deliver electricity to households in a village, where lighting makes up a large portion of the evening load, there can be HPF benefits. 20
Policy element is central to HPF decision: Of all of the above considerations, the policy element should be central since it is this element that defines what the program or nation is attempting to accomplish. With the policy goals defined, the technical, market and economic analyses can help define the most appropriate policy and regulatory pathways for power factor correction.
Utility managers and regulators should not simply specify HPF CFLs under the assumption that HPF CFLs are "better" than LPF CFLs. There are trade-offs that are made with choosing HPF or LPF, and these trade-offs should be made based on a realistic evaluation of local grid conditions as well as local market factors. A high power factor CFL does not deliver any additional value to grid-operator nor end-user under most conditions, other than in cases of isolated, micro, or mini grids with high peak lighting loads. Further, the selection of a quality CFL should be based on results of performance parameter tests. Finally, if the decision to require HPF CFLs is made, it is recommended that additional incentives should be considered (depending on program design) to offset the incremental cost increase, and to mitigate any price-driven sales stagnation in the market.
When making regulatory or procurement decisions relating to CFL power factor, the following steps are recommended:
1. Clarify and prioritize policy goals. The appropriate actions to take with respect to CFL power factor requirements can vary based on the overall policy objectives. In addition, other relevant or concurrent programs with potential to impact the grid and its power quality should also be considered.
2. Evaluate local electrical infrastructure conditions. This assessment should include a determination of the specific power quality issues faced by the electrical transmission and distribution system, the existing (and planned) power factor correction equipment on the network, as well as estimates (if available) of the main load on the network that contribute to power quality issues.
3. Evaluate local market conditions. It is also important to look at the market's ability to sustainably support CFLs or other energy-efficient products after a policy has been implemented or promotion program has completed.
By following these recommend steps, the positive and negative impacts of the policy or program impacts can be fully evaluated and used to maximize policy or program benefits while minimizing program drawbacks both on the grid and in the market.
T able A-1 below illustrates the effect and tradeoffs a requirement for HPF can have on overall program costs and impacts. In this table, three scenarios are considered for a utility program in which 10 million CFLs are to be distributed: While there are considerations and variables to consider, this example is intended to show that in certain scenarios, if the incremental costs of HPF CFLs are not covered, the effect for both consumers and the utilities can be negative. In the table, the "without subsidy" savings generated less financial and energy savings for the consumer and less lead reductions for the utility because of a drop in CFL demand based on higher CFL costs. The table assumes that the 20% increase in CFL cost generates a 20% drop in CFL demand -or half the drop in sales that the Indian CFL price elasticity model would have predicted. It should be noted that the results of this model are highly dependent on the benefit that the utility reaps from load reductions (i.e., avoided costs of new generating capacity) as well as from reductions in harmonics -both of which are specific to local conditions.
With the assumptions used in the table, it can be seen that the benefits to the utility (or other program funder) are significantly greater in the HPF with subsidy over the HPF without subsidy scenario -even though this scenario requires a larger initial investment. In cases where budgets are fixed, program implementers should still consider costto-sales connection when designing programs. 
Assumptions
